I. Introduction
Our limited understanding of neuroscience has contributed to the lack of well tolerated treatments for most if not all diseases of the brain and is exemplified by the large gaps in our understanding of glutamate signaling. Glutamate is often described as the primary excitatory neurotransmitter in the brain and may be present in up to 80% of all synapses (Greenamyre et al., 1988; Coyle and Puttfarcken, 1993; Moghaddam and Adams, 1998b; Tapia et al., 1999; Marino et al., 2001; Franks et al., 2002; Javitt et al., 2011 ), yet we are only now unmasking how the many components of this complex network of receptors, membrane-expressed enzymes, transporters, and release mechanisms function in an integrated manner to regulate the neurotransmitter actions of this amino acid. System x c Ϫ is an example of a poorly understood source of glutamate release that may exert profound control over multiple aspects of synaptic function. Originally identified more than 30 years ago as a sodium-independent glutamate transporter (Bannai and Kitamura, 1980) , system x c Ϫ seems to function as a cystine-glutamate antiporter or exchanger that couples the uptake of one molecule of cystine to the release of one molecule of glutamate (Bannai, 1986; Piani and Fontana, 1994; Lo et al., 2008; Bridges et al., 2012) . As depicted in Fig. 1 , nonvesicular glutamate release by system x c Ϫ , which is highly expressed by astrocytes, regulates synaptic activity by stimulating extrasynaptic receptors (Pow, 2001; Baker et al., 2002; Moran et al., 2005; Kupchik et al., 2012) . The potential for system x c Ϫ to contribute to multiple aspects of neuronal function and plasticity is evident from the finding that increased cystine-glutamate exchange influences the capacity of some cells to undergo long-term potentiation and longterm depression (Moussawi et al., 2009 . Not surprisingly, the rate of cystine-glutamate exchange is currently being targeted for numerous disorders of the central nervous system (CNS 1 ), demonstrating the tremendous therapeutic potential stemming from a more complete understanding of the components of the complex, unique network regulating glutamate signaling.
Although the contribution of system x c Ϫ activity to CNS diseases is the primary topic of this review, multiple nonvesicular release mechanisms may contribute to extracellular levels of glutamate (Kimelberg et al., 1990; Parpura et al., 1994; Strange et al., 1996; Bezzi et al., 1998 Bezzi et al., , 2004 Basarsky et al., 1999; Araque et al., 2000; Haydon, 2001; Pasti et al., 2001; Ye et al., 2003; Zhang et al., 2004) . Nonvesicular release mechanisms are not typically incorporated into models of glutamate signaling (Franks et al., 2002; Rusakov et al., 2011) , in part because very little is known regarding the importance of most of these mechanisms. In addition, the delayed awareness or acceptance of the potential for nonvesicular release to shape excitatory signaling can be attributed, in part, to the degree to which this network is unique to glutamate, often failing to conform to principles of neurotransmission that were largely established from the study of other neurotransmitters such as monoamines. The need to better understand these novel release mechanisms is evident from studies demonstrating that nonvesicular glutamate release has been implicated in diverse CNS functions ranging from activation of NMDA receptors to neurodevelopment (Kihara et al., 1989; Hirai et al., 1999; Jabaudon et al., 1999; Simonian and Herbison, 2001; Rothman et al., 2003; Pirttimaki et al., 2011) as well as the therapeutic potential of system x c Ϫ in the treatment of multiple CNS disorders, as reviewed below.
Beyond advancing our understanding of excitatory signaling, the study of the cellular basis of glutamate homeostasis has the potential to profoundly change how we conceptualize the brain. Through the study of glutamate release and clearance (Storck et al., 1992; Levy et al., 1993; Lehre et al., 1995) , it has become evident that excitatory signaling is uniquely dependent on coordinated activity between astrocytes and neurons. This has contributed to the intriguing hypothesis that astrocytes, historically viewed as metabolic or structural support cells, are directly involved in glutamate signal transduction. Astrocytes seem to contribute to virtually every aspect of synaptic transmission, from synaptogenesis and synaptic plasticity to synaptic pruning (Ullian et al., 2001 (Ullian et al., , 2004 Stellwagen and Malenka, 2006; Stevens et al., 2007; Kucukdereli et al., 2011; Paolicelli et al., 2011; Min and Nevian, 2012) for review see (Haydon, 2001; Stevens, 2008; Eroglu and Barres, 2010; Schafer and Stevens, 2010) . The regulation of synaptic activity by astrocytes is accomplished through the release of a variety of neuroactive molecules, including ATP, D-serine, glutamate, hevin, kynurenic acid, secreted protein acidic and rich in cysteine, and thrombospondins (Beattie et al., 2002; Newman, 2003; Shoptaw et al., 2003; Christopherson et al., 2005; Stellwagen and Malenka, 2006;  1 Abbreviations: ALS, amyotrophic lateral sclerosis; AMPA, ␣-amino-3-hydroxy-5-methyl-4-isoazole-proprionic acid; BMAA, ␤-N-methyl-L-alanine; CNS, central nervous system; EAA, excitatory amino acid; EAAT, excitatory amino acid transporter; mGluR, metabotropic glutamate receptor; MK-801, dizocilpine maleate; NMDA, N-methyl-D-aspartic acid; SOD, superoxide dismutase. SYSTEM X C Ϫ AND DISEASE Guidetti et al., 2007; Kucukdereli et al., 2011) . In turn, astrocytes monitor neuronal activity through the expression of receptors activated by virtually every major neurotransmitter including glutamate, GABA, monoamines, acetylcholine, and endocannabinoids (Bormann and Kettenmann, 1988; Sontheimer et al., 1988; Glaum et al., 1990; Pruss et al., 1991; von Blankenfeld and Kettenmann, 1991; Wyllie et al., 1991; Zanassi et al., 1999; Grybko et al., 2010; Navarrete and Araque, 2010; Shen and Yakel, 2012) . Because astrocytes have primarily nonoverlapping domains and may contact more than a million synapses (in the human cortex) (Bushong et al., 2002 (Bushong et al., , 2004 Ogata and Kosaka, 2002; Oberheim et al., 2006) , these cells are in a position to coordinate activity on a network level. In support, activation of a single astrocyte is sufficient to produce a widespread, synchronized transition to an up-state in membrane potential for a large population of cortical neurons (Poskanzer and Yuste, 2011) . As a result, the study of astrocytes, including attempts to understand the cellular regulation of glutamate signaling, has the potential to revolutionize our understanding of the CNS, a development that may expedite our efforts to discover treatments for CNS disorders (McNally et al., 2008; Bernstein et al., 2009; Haydon et al., 2009; Miguel-Hidalgo, 2009; L'Episcopo et al., 2010; Rappold and Tieu, 2010; Zhao and Rempe, 2010; Halliday and Stevens, 2011; Li et al., 2011) .
The regulation of excitatory signaling by system x c Ϫ is the primary focus of this article. To do this, we begin with a broad overview of glutamate homeostasis, including descriptions of the molecular and cellular basis of glutamate uptake and release mechanisms. Subsequently, we review the importance of cystine-glutamate exchange to excitatory signaling as well as cellular antioxidant capacity. Finally, we discuss the potential for system x c Ϫ to contribute to a wide array of CNS disorders.
II. Glutamate Homeostasis
The mammalian central nervous system contains abundant glutamate, with intracellular concentrations in the millimolar range and extracellular levels reported to be between 0.2 to 7 M outside of the synapse (Benveniste et al., 1984; Ronne-Engström et al., 1995; Baker et al., 2003) . As depicted in Fig. 1 , excitatory signaling requires coordinated activity between astrocytes and neurons. Glutamate released from a presynaptic terminal is ultimate cleared from the cleft through diffusion followed by active transport via sodium-dependent glutamate transporters that are primarily expressed on astrocytes (Franks et al., 2002; Rusakov et al., 2011) . Replenishing neuronal stores of glutamate is thought to be dependent on the conversion of glutamate to glutamine by astrocytes, enabling the subsequent release This schematic depicts an excitatory synapse that is ensheathed by astrocytic processes in an asymmetrical manner, resulting in a greater distance between glial processes and neurons on the presynaptic aspect of the synapse. Glu release in response to synaptic activation quickly reaches a concentration in the synaptic cleft capable of stimulating low-affinity AMPA receptors (A) that are located proximal to the release sites, as well as laterally distributed high-affinity receptors including NMDA (N) and mGlu receptors (M). Diffusion and clearance by excitatory amino acid transporters (E) are thought to rapidly lower the levels of extracellular glutamate in the synaptic cleft. Glutamine (Glt) is released by astrocytes and is considered to be a critical substrate needed to replenish neuronal glutamate stores. In addition to glutamine, astrocytes are also capable of releasing glutamate. The illustration depicts system x c Ϫ (X), which exchanges cystine (C-C) and glutamate on a 1:1 stoichiometry, the direction of the exchange being determined by relative substrate concentration gradients. Glutamate release from system x c Ϫ , which is also described as a cystine-glutamate exchanger or antiporter, has been shown to regulate synaptic neurotransmitter release by stimulating extrasynaptic glutamate receptors.
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by astrocytes and uptake of glutamine by neurons (Tamarappoo et al., 1997; Bröer and Brookes, 2001; Kanamori and Ross, 2004) .
Disruptions in glutamate homeostasis have been linked to numerous diseased states of the brain and can lead to widespread changes in synaptic activity. An example of this is cocaine addiction, which is associated with persistent changes in both the clearance and release of glutamate in the nucleus accumbens. It is noteworthy that efforts to restore glutamate homeostasis in the nucleus accumbens not only reduce compulsive drug seeking or craving in rodent and man but also have led to the normalization of a diverse set of indicators of neuronal function, ranging from long-term potentiation to dendritic spine morphology (Baker et al., 2003; LaRowe et al., 2006; Moussawi et al., 2009; Knackstedt et al., 2010) . These studies complement the work by others indicating that basal, extrasynaptic glutamate or nonvesicular glutamate release contributes to receptor activation, receptor clustering, receptor trafficking, receptor desensitization, and neurodevelopment (Jabaudon et al., 1999; Featherstone et al., 2002; Xi et al., 2002b; Manent et al., 2005; Moran et al., 2005; Augustin et al., 2007; Pendyam et al., 2009; Moussawi et al., 2011) . As a result, a key to understanding the pathogenesis of disorders of the brain will rely on a more complete characterization of the individual cellular process of release and uptake, as well as how their integrated function influences glutamate homeostasis.
A. Glutamate Synapse
The synaptic cleft, estimated at only 1 to 2% of the extracellular space , has long been the near-singular focus of our attempts to understand excitatory signaling. In the past decade, there has been a tremendous increase in our understanding of the glutamate synapse, the complexity of which is perhaps best reflected by a number of excellent models of glutamate signaling (Rusakov and Kullmann, 1998; Rusakov, 2001 Rusakov, , 2011 Franks et al., 2002; Lehre and Rusakov, 2002; Rusakov and Lehre, 2002; Franks et al., 2003; Raghavachari and Lisman, 2004; Zheng et al., 2008) . The initial step involving the fusion of the presynaptic membrane with one or more synaptic vesicles results in the release of 3000 to 10,000 molecules of glutamate per action potential (Clements, 1996; Barbour and Hä usser, 1997; Pendyam et al., 2009) , resulting in a concentration of glutamate in the synaptic cleft of approximately 0.5 to 1.0 mM (Rusakov, 2001) . At an estimated distance of 20 nm (Franks et al., 2003) , the postsynaptic membrane expresses metabotropic and ionotropic glutamate receptors, the latter estimated to number fewer than 100 in a typical synapse (Nusser et al., 1998; Takumi et al., 1999) . The distribution of glutamate receptors is highly organized, reflecting, in part, relative affinities for glutamate. Lowaffinity ␣-amino-3-hydroxy-5-methyl-4-isoazole-proprionic acid (AMPA) receptors are expressed on the closest aspect of the postsynaptic membrane relative to the release sites, high-affinity N-methyl-D-aspartic acid (NMDA) and metabotropic glutamate receptors being expressed more laterally (Fig. 1 ). This organization of glutamate receptors is required, in part because an estimated 50 to 90% of the 3000 to 10,000 glutamate molecules exit the cleft within 10 to 70 ms (Savtchenko and Rusakov, 2004) ; thus, the concentration of glutamate falls rapidly across temporal and spatial dimensions. Of course, activation of low-affinity AMPA receptors is more sensitive to spatiotemporal regulation than that of high-affinity glutamate receptors, such that lateral trafficking of AMPA receptors represents a key form of synaptic plasticity influencing synaptic strength (for review, see Rusakov et al., 2011) . Moreover, the two types of ionotropic receptors are differentially regulated by glutamate clearance mechanisms.
B. Glutamate Clearance
The uptake of glutamate is primarily achieved by a family of sodium-dependent excitatory amino acid transporters (EAAT), of which five (EAAT1-5) have been cloned. The translocation of one glutamate molecule by EAATs is coupled to the influx of three molecules of Na 2ϩ and one molecule of H ϩ into the cell and the efflux of one molecule of K ϩ (Zerangue and Kavanaugh, 1996b; Levy et al., 1998; Owe et al., 2006) . The cotransport of cations permits the generation of the steep glutamate concentration gradients that exist in neurons and astrocytes and may serve as a signaling pathway in astrocytes (Langer and Rose, 2009) . For example, synaptic activity leading to increased glutamate uptake produces sodium transients in astrocytes that have been linked to glycolysis (Pellerin and Magistretti, 1994; Takahashi et al., 1995) and changes in the surface expression of EAAT2 (Nakagawa et al., 2008) .
EAATs exhibit a high capacity for clearing glutamate, thereby effectively buffering extracellular concentrations of glutamate. This is possible because glutamate transporters exhibit a surface density that is comparable with the number of glutamate molecules released after an action potential. Specifically, the surface density of glutamate transporters is approximately 10,000 transporters/m 2 (Lehre and Danbolt, 1998) , and the average central synapse is capable of releasing two vesicles per second, each vesicle containing an estimated 4000 to 5000 molecules of glutamate (Clements, 1996; Barbour and Hä usser, 1997; Pendyam et al., 2009) . With an uptake capacity of 10 M ⅐ ms
Ϫ1
, there is abundant EAAT clearance capacity to prevent glutamate transporters from being overwhelmed by even high rates of excitatory activit,y which can serve to limit glutamate diffusion to distal synapses (Asztely et al., 1997; Diamond and Jahr, 2000; Zheng et al., 2008) .
An unresolved question is the degree to which EAATs provide temporal resolution, especially for the estimated 50 to 100 ionotropic receptors in the synapse (Nusser et al., 1998; Takumi et al., 1999) . Studies examining the SYSTEM X C Ϫ AND DISEASE 783 impact of EAAT blockade on ionotropic receptor activation have generated mixed results, at least some studies reporting an impact on NMDA or AMPA-mediated currents (for review, see Tzingounis and Wadiche, 2007; Tong and Jahr, 1994; Carter and Regehr, 2000; Jahr, 2000, although see Hestrin et al., 1990; Isaacson and Nicoll, 1993; Sarantis et al., 1993) . Although glutamate binding to EAATs occurs very rapidly (Diamond and Jahr, 1997) , glutamate translocation may take 70 ms (Wadiche et al., 1995) , which is equivalent to the estimated time needed for 90% of glutamate to diffuse out of some synaptic clefts even in the absence of EAAT activity (Savtchenko and Rusakov, 2004) . These data indicate that diffusion may be the primary glutamate clearance mechanism in the synaptic cleft. Striking similarities exist for GABA, at least some studies demonstrating that diffusion is the primary synaptic clearance mechanism for this key amino acid transporter and that GABA transporters function to limit spillover into distinct signaling compartments (e.g., neighboring synapses) (Jensen et al., 2003; Overstreet and Westbrook, 2003; Gonzalez-Burgos et al., 2009) . The geometry of the synapse may be an important factor determining the extent of EAAT regulation of receptor activation patterns in the synapse (Bergles and Jahr, 1997) , especially as it relates to the spatial relationship between astrocytes and the synaptic cleft (Sarantis and Mobbs, 1992) . Although synapses are often described as being ensheathed by glial processes, the degree to which this occurs varies greatly. In the hippocampus, only 57% of synapses are apposed to astrocytic processes; even then, astrocytes contacted on average only 43% of the synapse (Ventura and Harris, 1999) . It is noteworthy that glial contact seems to favor the postsynaptic aspects of a synapse, thereby differentially regulating the activation of extrasynaptic receptors expressed on post-versus presynaptic cells . However, the spatial relationships between astrocytes and neurons are dynamic (Langle et al., 2002; Panatier et al., 2006; Lushnikova et al., 2009 ). Thus, the conditions dictating physical contact between astrocytes and neurons will have profound implications for multiple aspects of synaptic activity, including excitatory signaling in the normal and diseased state.
In some circumstances, EAATs may transiently increase extracellular glutamate concentrations in extracellular space neighboring the transporters because the translocation probability is approximately 50%. In other words, EAATs may limit diffusion by rapidly binding and releasing glutamate at a probability equivalent to the actual transport of the molecule into the cell. The degree to which this may contribute to the activation of receptors proximal to the transporters would depend on a number of factors, including the distance between receptors and transporters, the probability of transport after molecule unbinding-which may be very high (Leary et al., 2011) -and the affinity of receptors neighboring glutamate transporters. Unlike the potential modest effects on AMPA receptors, transporter inhibition produces a profound effect of the activation of metabotropic glutamate receptors (Scanziani et al., 1997; Semyanov and Kullmann, 2000; Brasnjo and Otis, 2001) , which are often located extrasynaptically. A similar phenomenon may also contribute to activation of NMDA receptors in that inhibition of EAATS has been shown to increase activation of extrasynaptic NMDA receptors (Mulholland and Chandler, 2010) .
A critical function of EAATs is to spatially isolate the glutamate signal, which is typically thought of in terms of limiting diffusion across multiple synapses. Although not fully incorporated in most models of glutamate signaling, astrocytes and neurons express multiple cellular mechanisms capable of releasing glutamate (Blakely et al., 1988; Kimelberg et al., 1990; Levi and Raiteri, 1993; Parpura et al., 1994; Strange et al., 1996; Basarsky et al., 1999; Parpura and Haydon, 2000; Baker et al., 2002; Ye et al., 2003; Zhou et al., 2005; Malarkey and Parpura, 2008; Vyleta and Smith, 2011) . Furthermore, studies demonstrating 1) regulation of synaptic activity by nonvesicular glutamate after inhibition of glutamate transporters or 2) selective activation of extrasynaptic receptors indicate an extrasynaptic location for at least some of the release mechanisms (Jabaudon et al., 1999; Moran et al., 2005; Mulholland and Chandler, 2010) . Thus, spatial resolution provided by EAATs may also involve regulating the diffusion of glutamate into the synapse, not only from distal synapses but also from extrasynaptic release sources as depicted in Fig. 2 . In support of such an idea, constitutive activation of NMDA receptors by nonvesicular release has been detected after inhibition of EAAT function (Jabaudon et al., 1999; Angulo et al., 2004; , posing the scenario that nonvesicular release of glutamate into the extrasynaptic compartment is incapable of stimulating high-affinity glutamate receptors in the synapse unless EAAT function is compromised. One such mechanism of nonvesicular release involves the exchange of an extracellular molecule of cystine for an intracellular molecule of glutamate by system x c Ϫ , which has been shown to be a key determinant of the activation of extrasynaptic group II metabotropic glutamate receptors (mGluRsII). EAATs have been shown to clear glutamate released by system x c Ϫ , supporting the idea that these transporters function to compartmentalize extracellular glutamate into multiple domains (Baker et al., 2002; .
C. Glutamate Release
Extracellular glutamate is present in vivo in micromolar concentrations outside the synapse. Although vesicular glutamate release into the synapse has been shown to contribute to basal extrasynaptic glutamate levels in the striatum (Newcomb and Palma, 1994; You et al., 1994) , alternative release mechanisms indepen-784 dent of voltage-gated calcium or sodium channels seem to be the primary sources of extrasynaptic glutamate (Bradford et al., 1987; Miele et al., 1996; Timmerman and Westerink, 1997; Baker et al., 2002) . Such mechanisms include vesicular release from astrocytes (Parpura et al., 1994; Bezzi et al., 1998 Bezzi et al., , 2004 Araque et al., 2000; Haydon, 2001; Pasti et al., 2001; Kreft et al., 2004; Zhang et al., 2004) as well as nonvesicular release from cystine-glutamate exchange Warr et al., 1999; Moran et al., 2005) , astrocytic hemichannels (Ye et al., 2003) , and volumesensitive organic anion channels (Kimelberg et al., 1990; Strange et al., 1996; Basarsky et al., 1999) . In addition to release, extracellular glutamate levels may also accumulate after hydrolysis of N-acetylaspartylglutamate (Blakely et al., 1988; Zhou et al., 2005) or glutamine (Mena et al., 2005) .
The study of glutamate release mechanisms has been instrumental in recent efforts to characterize astrocytes as cells critical to information processing in the brain rather than cells simply involved in metabolic or structural support. An initial step in this realization was the discovery that astrocytes are capable of glutamate release involving exocytosis (for review, see Haydon, 2001; Newman, 2003) . Vesicles capable of uptake, storage, and release of glutamate have been identified in hippocampal astrocytes (Bezzi et al., 2004; Kreft et al., 2004; Zhang et al., 2004) . The loading of these vesicles involves the activity of vesicular glutamate transporters; the fusion of these vesicles to the plasma membrane has been shown to be calcium-dependent. Unlike neurons, the process is dependent not on the opening of voltage-gated calcium channels but instead on inositol trisphosphatemediated calcium release from endoplasmic reticulum after activation of a variety of G-coupled receptors (Volterra and Meldolesi, 2005) . Receptors that may be capable of elevating intracellular levels of calcium expressed by astrocytes include metabotropic glutamate, muscarinic, histamine, substance P, and noradrenergic receptors (for review, see Verkhratsky et al., 1998) .
The importance of astrocytes as signaling cells was also aided by studies linking nonvesicular release by system x c Ϫ with CNS activity in the normal and diseased states. As described below, system x c Ϫ typically mediates the stoichiometric exchange of extracellular cystine for intracellular glutamate. This process significantly contributes to the concentration of extracellular glutamate, at least in the striatum, where it has been shown to contribute up to 60% of the 1 to 3 M glutamate existing outside of the synapse (Baker et al., 2002) .
Given the extrasynaptic location of high-affinity glutamate receptors, including NMDA and metabotropic 2. This illustration depicts extracellular Glu that is compartmentalized into distinct microdomains. In synapses ensheathed by astrocytes, excitatory amino acid transporters (E) are thought to limit overflow of glutamate and thereby inhibit cross-talk between neighboring synapses (depicted as zone 1 and zone 3) even under periods of high neuronal activity. This provides spatial resolution by restricting the source of glutamate capable of stimulating NMDA (N), AMPA (A), and metabotropic (M) receptors. In addition to the cleft, the extrasynaptic space separating synapses (zone 2) may be a critical site for glutamatergic signaling. Within this space, glutamate transporters, astrocytic glutamate release mechanisms, and functional extrasynaptic receptors are expressed. This supports the intriguing scenario that multiple signaling microdomains may separate neighboring synapses. SYSTEM X C Ϫ AND DISEASE glutamate receptors (Alagarsamy et al., 2001; Tamaru et al., 2001) , extrasynaptic glutamate can activate mechanisms capable of regulating synaptic activity (Figs. 1 and 2). One route would involve the stimulation of highaffinity group II/III metabotropic glutamate receptors, which are negatively coupled to synaptic release of glutamate or other neurotransmitters such as dopamine (Baskys and Malenka, 1991; Cochilla and Alford, 1998; Hu et al., 1999b; Baker et al., 2002; Xi et al., 2002a; Moran et al., 2005) . Alternatively, activation of group I metabotropic glutamate or NMDA receptors also occurs after glutamate release from astrocytes (Parpura et al., 1994; Araque et al., 1998; Parpura and Haydon, 2000; D'Ascenzo et al., 2007) . As a result, glutamate release from astrocytes may potentially contribute to CNS disease states linked to altered glutamate signaling. System x c Ϫ is the primary subject of this review, in part because there are a number of excellent reviews of glutamate release from astrocytes involving other mechanisms (Haydon, 2001; Zhou et al., 2005; Montana et al., 2006; Bergersen and Gundersen, 2009; Hamilton and Attwell, 2010) .
III. Cystine Transport

A. System x c
Ϫ
Although the action of system x c Ϫ as an antiporter/ exchanger is well recognized today, it was first identified and functionally characterized in mammalian cells as a cystine transporter (Bannai and Kitamura, 1980) . Given the very low levels of cysteine found in plasma and cerebrospinal fluid, its sensitivity to oxidation, and a limited capacity to synthesize L-cysteine from methionine via the transsulfuration pathway (McBean, 2012) , the transport of L-cystine represents the primary delivery mechanism for this vital sulfur-containing amino acid. Early studies, most often carried out in culture with non-CNS cells, established the defining properties of system x c Ϫ (Bannai and Kitamura, 1980; Bannai and Ishii, 1982; Bannai, 1986) . Most important was the observation that L-glutamate was not only a competitive inhibitor of cystine uptake by system x c Ϫ but that the dicarboxylic amino acid also served equally well as a substrate. The K m values for the uptake of either cystine or glutamate were typically in the 50 to 100 M range, with each capable of acting as a competitive inhibitor of the other. This was central to establishing that system x c Ϫ was indeed an antiporter that mediated a 1:1 exchange of an intracellular and extracellular amino acid, with the directionality of the exchange dictated by the relative concentration gradients of the substrates across the cell membrane. Given that the intracellular concentration of glutamate is well in excess of cystine in almost all mammalian cells, system x c Ϫ essentially serves to couple the import of one molecule of cystine with the export of one molecule of glutamate.
These initial studies also demonstrated that the system x c Ϫ activity was chloride-dependent, sodium-independent, and electroneutral, properties that clearly differentiate it from the sodium-dependent, electrogenic EAATs (Waniewski and Martin, 1984; Bannai et al., 1986 ). An examination of pH dependence of uptake led to the conclusion that both cystine and glutamate were transported in an anionic form (Bannai and Kitamura, 1981) . The ability of glutamate to interact with system x c Ϫ also prompted pharmacological comparisons with other components of the EAA system Patel et al., 2004; Balazs et al., 2006; Beart and O'Shea, 2007; Bridges and Patel, 2009 ). The EAA receptor agonists NMDA, kainate, AMPA, and 1-aminocyclopentane-trans-1,3-dicarboxylic acid were all shown to be inactive as system x c Ϫ inhibitors. Likewise, the well characterized EAAT substrate and inhibitors L-and D-aspartate, L-trans-2,4-pyrrolidine dicarboxylate, and dihydrokainate exhibited no cross-reactivity with system x c Ϫ .
Collectively, these studies demonstrate that system x c Ϫ exhibits a distinct pharmacological profile within the EAA system and lay a foundation for the development of selective substrates and inhibitors (Patel et al., 2010) .
B. Alternative Routes of Cystine Transport
Overlapping substrate specificity is a hallmark of amino acid transporters in mammalian cells , probably reflecting the critical need for these small molecules in cellular function and survival. Thus, given the importance of maintaining sufficient intracellular levels of cysteine, it comes as no surprise that in addition to system x c Ϫ , there are a number of alternate routes of entry for cystine and cysteine, both outside and within the CNS (Wade and Brady, 1981; Bannai, 1984; Knickelbein et al., 1997; McBean, 2002) . It is noteworthy that the EAATs have been implicated in the transport of both cystine and cysteine (Zerangue and Kavanaugh, 1996c; McBean, 2002; Chen and Swanson, 2003) . The strongest case can be made for the uptake of cysteine by the neuronal transporter EAAT3, because the I max (maximal flux rate determined electrophysiologically) for cysteine is comparable with that of glutamate (Zerangue and Kavanaugh, 1996c) . It is also noteworthy in this regard that EAAT3 knockout mice exhibit decreased neuronal levels of glutathione (Aoyama et al., 2006) . Cysteine is also a substrate for the sodium-dependent transporters known as alanine-serine-cysteine transporter 1 (SLC1A4) and 2 (SLC1A5), both of which are members of the functionally defined acid-sensing ion channel system (Zerangue and Kavanaugh, 1996a; Kanai and Hediger, 2004) . One of the most active of the cystine transporters is b o,ϩ AT (SLC7A9) (Rajan et al., 1999) , which is present in the brush-border membranes of the kidney. Like system x c Ϫ , it is a member of the SLC7 family, although it is found as a heterodimer, 786 BRIDGES ET AL.
rBAT acting as the "heavy chain" rather than 4F2hc (Verrey et al., 2004) .
IV. System x c
؊ and Glutathione Synthesis in the Central Nervous System System x c Ϫ plays a particularly significant role in the CNS, where the demand for glutathione is high (Halliwell, 2006; Lin and Beal, 2006) , the cysteine/cystine ratio in the cerebrospinal fluid greatly favors cystine, and the transporters discussed above are localized in a manner that preferentially transports cystine into glia and cysteine into neurons (Dringen et al., 1999; Dringen et al., 2000; Wang and Cynader, 2000; Conrad and Sato, 2012) . Referred to as "cystine/cysteine cycle," this pathway begins with the system x c Ϫ -mediated uptake of cystine into astrocytes, a process driven by the high intracellular concentration of glutamate present in these cells (see Fig. 3 ). In contrast, mature neurons seem to have a very limited capacity to directly transport cystine and express negligible levels of system x c Ϫ . Once in the astrocytes, the cystine is rapidly reduced to cysteine and serves as a rate-limiting precursor in the synthesis of GSH (Sagara et al., 1993) . The efflux of GSH from astrocytes and its subsequent metabolism by ␥-glutamyltranspeptidase and aminopeptidase N provides an extracellular source of cysteine that is transported into neurons to support glutathione production in these cells (Yudkoff et al., 1990; Dringen et al., 1999 Dringen et al., , 2001 Wang and Cynader, 2000) . Additional studies indicate that antioxidant support provided by these astrocytes is not limited to the efflux of glutathione, but should also be expanded to include the export of cysteine (Anderson et al., 2007; Banjac et al., 2008; Conrad and Sato, 2012) . Thus, accumulating evidence suggests that extracellular . System x c Ϫ (X)-mediated cystine uptake is a critical determinant of cellular antioxidant capabilities. In astrocytes, cystine (C-C) transported into the cell is reduced into Cys, which can then be used for GSH synthesis by the sequential activity of glutamate cysteine ligase (GCL) and GSH synthetase (GS). GSH can be released by astrocytes via muldrug resistance-asociated protein 1 (MRP-1) transporters, where it is degraded by ␥-glutamyl-transpeptidase (␥GT) and aminopeptidase N (AP-N). This provides an extracellular source of cysteine that is transported into neurons by the neuronal glutamate transporter EAAT3 (E) to support glutathione production in these cells. In addition, cysteine may also oxidize in the oxygen-rich extracellular space, thereby supplying cystine to support system x c Ϫ activity.
SYSTEM X C Ϫ AND DISEASE pools of cysteine in the CNS may be able to be maintained, at least in part, in a manner that is not dependent upon the export of glutathione. Furthermore, the cysteine seems capable of also contributing to oxidative protection and may in some cases be able to compensate for oxidative stress caused by low levels of GSH (Banjac et al., 2008) . It is noteworthy that whether the result of producing and releasing cysteine or glutathione, the first step in these pathways is the transport of cystine into astrocytes through system x c . Although mechanistic and pharmacological characterizations of system x c Ϫ have benefited greatly from the use of cultured cells, the translation and applicability of the results to physiological function in vivo is not necessarily straightforward. Given 1) the rapidity with which cysteine in media oxidizes to cystine under typical culture conditions, 2) the inability of many cells to synthesize cysteine, and 3) the dependence of many cell types on adequate intracellular glutathione levels for survival, it is not that surprising that many cell types express system x c Ϫ when cultured (Conrad and Sato, 2012) . Indeed, cells that may not express system x c Ϫ in vivo may be dependent upon inducing the expression of the transporter to survive in vitro (Watanabe and Bannai, 1987) . Likewise, the expression of system x c Ϫ could also change with developmental age. For example, even though it is accepted that mature neurons express little or no system x c Ϫ , the transporter is expressed on immature cortical cells and is critical to cell survival. This was shown to be the case on the basis of the vulnerability of these neurons to quisqualate-mediated damage that was, in turn, attributable to oxidative damage and GSH depletion resulting from system x c Ϫ inhibition rather than excitatory amino acid receptor-mediated excitotoxicity (Murphy et al., 1989; Shih et al., 2003 Shih et al., , 2006 ). An additional factor to consider is that xCT mRNA is not constitutively expressed in most tissue, including the liver, heart, kidney, and lung; a notable exception to this is the brain (Taguchi et al., 2007) .
A. System x c Ϫ and GSH Signaling
With the growing appreciation of the role that system x c Ϫ plays in the synthesis of GSH in astrocytes come questions as to whether changes in the activity of the antiporter (and precursor availability) could ultimately influence the functional roles of GSH within the CNS, particularly those linked with signal transduction (Janá ky et al., 1999; Filomeni et al., 2002) . This is a complex question, because there are multiple mechanisms through which GSH is known to influence signaling pathways, some quite general and others more specifically linked to individual transmitter systems. At a very basic level, glutathione serves as a primary regulator of the overall redox state of cells as well as a key intermediate in detoxification pathways. Consequently, variations in glutathione levels can serve as a general indicator of cell health or stress and can be linked to global cellular functions such as growth, cell-cycle regulation, survival, and programmed cell death. Evidence is also emerging that the level of glutathione may itself act as a signal to turn specific pathways on or off, although it is difficult to separate whether the signal is actually free glutathione or a secondary protein disulfide that serves as a trigger depending upon its redox state. A recent example of such signaling seems to couple glutathione levels to the regulation of system x c Ϫ in astrocytes. Thus, depletion of glutathione in primary astrocytes that have been differentiated with dibutyryl-cAMP induces an up-regulation of system x c Ϫ expression as measured by activity, protein, and mRNA (Seib et al., 2011) . The response seems to be both cell-and phenotype-specific, because similar treatments of other cell types or nondifferentiated protoplasmic astrocytes failed to mimic the marked increase in system x c Ϫ activity. The time course of the changes in system x c Ϫ is temporally linked to GSH levels, and the induction could be prevented with coadministration of a cellpermeant glutathione-prodrug, such as GSH-ethylester or N-acetylcysteine. How secondary "redox sensors" may or may not be involved in this pathway, however, remains to be seen.
As the major cellular thiol, glutathione also serves to modulate the activity of proteins possessing critical cysteine-residues that are redox sensitive. Changes in the redox state of these "switches" have been shown to be capable of either increasing or decreasing protein activity (Janssen-Heininger et al., 2008) . Because these proteins can include receptors, enzymes, and transporters linked with specific transmitter systems, it provides a more direct link to synaptic transmission. Examples include the excitatory amino acid transporters (Trotti et al., 1997) and NMDA receptors (Lipton et al., 2002) within the excitatory glutamate system; succinic semialdehyde dehydrogenase , GABA (Pan et al., 2000; Calero and Calvo, 2008) , and glycine receptors (Pan et al., 1995) within inhibitory systems; as well as transient receptor potential channels (Song et al., 2011) , ryanodine receptors (Bodhinathan et al., 2010) , acid-sensing ion channels (Nelson et al., 2006) , and potassium channels (DiChiara and Reinhart, 1997), among many others. Whether changes in glutathione levels and system x c Ϫ activity are linked in a manner that matches the dynamic regulation of these transmitter-linked proteins remains to be investigated.
Beyond the ability of glutathione to modulate protein activity through redox modulation, a number of studies suggest that the tripeptide can directly interact with receptors, potentially acting as an agonist, antagonist or modulator. In addition to its export from astrocytes, glutathione has been shown to be released upon K ϩ -depolarization in a calcium-dependent manner, suggestive of a neuronal compartment (Zä ngerle et al., 1992) . It has also been reported to evoke excitatory potentials in rat cortical slices and to regulate the release of other 788 transmitters, although it remains to be determined whether these actions are mediated via a specific "glutathione receptor" or through other systems, such as excitatory amino acid receptors (Shaw et al., 1996; Janáky et al., 1999; Oja et al., 2000 (Ogita et al., 1995; Janá ky et al., 1999) , suggesting that glutathione actions may vary between agonist and antagonist on the basis of specific conditions. Glutathione was also shown to block the binding of radiolabeled AMPA and kainate to non-NMDA receptors (Varga et al., 1989) . In a study employing computational modeling, the amino acid binding pockets common to family C G-protein-coupled receptors were probed in silico for the potential to accommodate glutathione . Using both functional and binding assays, glutathione was identified as an orthosteric agonist at the fish 5.24 receptor and a positive modulator of the rat calcium sensor receptor. Finally, numerous studies have directly examined the binding of [ 3 H]glutathione to CNS membrane preparations (for review see Janá ky et al., 1999). Collectively, these studies indicate that glutathione binding is specific, represents multiple sites with differing affinities, and can be distinguished on the basis of binding to glutathione-using enzymes as well as excitatory amino acid receptors. Although the presence of such glutathione sites is intriguing, a clear association between a glutathione binding site, a molecularly characterized receptor, and a well defined physiological response has yet to emerge. Given this state of development, the physiological consequences of changes in glutathione levels as a result of alterations in system x c Ϫ activity also remain speculative.
V. Role of System x c ؊ in Disease
As described above and depicted in Fig. 3 , system x c Ϫ is capable of contributing to the antioxidant capacity of a cell through the maintenance of glutathione levels and to glutamate homeostasis. The dual nature of system x c Ϫ may be advantageous because it permits increased antioxidant capacity via cystine uptake to buffer the potential toxic effects of glutamate release. Alternatively, this subjects glutamate release by system x c Ϫ activity to changes in oxidative stress, a seemingly undesirable outcome given the need for highly regulated excitatory signaling for purposes ranging from signal fidelity to cell survival. Control of glutamate release by free radicals has been shown by studies demonstrating that freeradical scavengers reduce system x c Ϫ mediated glutamate release (Barger et al., 2007) . The efficiency of this system is also problematic because extracellular glutamate can outcompete cystine for transport by system x c Ϫ to the point of increased neurotoxicity , an outcome that is exacerbated by impaired glutamate transport by EAATs (Lewerenz et al., 2006) . As a result, it is important to stress that the dual nature of system x c Ϫ is heavily regulated by a variety of cellular mechanisms because it is not the sole determinant of either extracellular glutamate or intracellular glutathione. Thus, the degree to which system x c Ϫ contributes to CNS disorders, or its value as a therapeutic target, is determined, at least in part, by the status of a complex network of cellular mechanisms. Although this review focuses on system x c Ϫ , it is important to note that impaired glutamate transport by EAATs is common to many CNS disorders, which probably compounds the impact on glutamate homeostasis of any changes in system x c Ϫ . As described below, a great deal of work has implicated system x c Ϫ in a wide array of CNS disorders, which is impressive given that it is a relatively recent addition to the complex network that regulates glutamate, an amino acid that has been studied for more than 60 years (Stern et al., 1949 ; for review, see Watkins and Jane, 2006) .
A. Psychiatric Disorders
1. Drug Addiction. Drug addiction is a chronic relapsing disorder hypothesized to be produced by druginduced neuroplasticity that renders users vulnerable to craving-inducing stimuli. Drug-induced plasticity that may result in the addiction phenotype includes longterm changes in the activity of corticostriatal pathways, which originate in the prefrontal cortex and project to the nucleus accumbens Uys and LaLumiere, 2008; Kalivas, 2009; Wolf, 2010) . Activation of this circuit or related structures correlates with craving in humans and is necessary for reinstatement in rodents (Volkow et al., 1991 (Volkow et al., , 1999 Breiter et al., 1997; McFarland and Kalivas, 2001; Park et al., 2002) .
Cocaine or other drugs of abuse produce a persistent reduction in cystine-glutamate exchange via system x c Ϫ in the nucleus accumbens that may contribute to the pathological glutamate signaling linked to addiction (Baker et al., 2003; Madayag et al., 2007; Kau et al., 2008; Knackstedt et al., 2009 ). In particular, repeated cocaine use significantly increases the K m of [ 35 S]cystine uptake in nucleus accumbens tissue slices (Baker et al., 2003; Madayag et al., 2007; Kau et al., 2008) . Second, blockade of system x c Ϫ produces a significant decrease in extracellular glutamate levels in the nucleus accumbens of drug-naïve rats but not cocaine-withdrawn rats (Baker et al., 2003) . Both findings suggest that the activity of system x c Ϫ is reduced in cocaine-withdrawn rats.
SYSTEM X C Ϫ AND DISEASE
The functional consequence of a reduction in cystineglutamate exchange is a persistent decrease in basal, extrasynaptic glutamate levels in the nucleus accumbens core (Pierce et al., 1996; Reid and Berger, 1996; Breiter et al., 1997) . Under normal conditions, high-affinity glutamate receptors, including group I mGluRs, group II mGluRs, and NMDA receptors, are activated by nonvesicular glutamate, glutamate release from astrocytes, and/or exhibit a pattern of tonic activation (Jabaudon et al., 1999; Angulo et al., 2004; D'Ascenzo et al., 2007; Moussawi et al., 2011; Kupchik et al., 2012) , but see . Although the impact of reduced basal glutamate levels on group I mGluRs and NMDA receptors has yet to be determined, group II mGluRs exhibit reduced tonic activation in rats withdrawn from repeated cocaine (Xi et al., 2002b) . As depicted in Fig. 4 , diminished group II mGluR inhibition of vesicular release may contribute to increased cocaine-evoked glutamate (and possibly dopamine) signaling in the nucleus accumbens observed in rats withdrawn from repeated cocaine (Madayag et al., 2010) . It is noteworthy that infusion of cystine into the nucleus accumbens of cocaine-withdrawn rats elevates extracellular glutamate to near control levels, and this prevents cocaine-induced elevations in glutamate after a cocaine challenge (Baker et al., 2003) . Furthermore, cystine-glutamate antiporter activity can be targeted to prevent cocaine-induced plasticity (Madayag et al., 2007) . In particular, daily administration of the cysteine prodrug N-acetylcysteine during cocaine self-administration prevents the reduction in system x c Ϫ activity as well as the changes previously observed involving extracellular glutamate (Madayag et al., 2007) .
Multiple preclinical studies indicate that system x c Ϫ represents a novel therapeutic target for the treatment of cocaine addiction. Acute or repeated administration of N-acetylcysteine has been shown to inhibit cocaine-induced behaviors used to model aspects of addiction. Acute administration of the cysteine prodrugs N-acetylcysteine or L-2-oxothiazolidine-4-carboxylate blocks cocaine-induced reinstatement (Baker et al., 2003) . Subsequent studies indicate that the short-term effects of N-acetylcysteine were dependent on intact system x c Ϫ activity and mGluRII receptor activation (Moran et al., 2005; Kau et al., 2008) . Later, studies demonstrated the capacity of repeated N-acetylcysteine to block multiple measures of cocaine seeking produced by the drug, drugpaired discrete cues, and the drug environment (Zhou and Kalivas, 2008; Knackstedt et al., 2009 ). These findings are critical for the potential therapeutic efficacy of any novel treatment to reduce compulsive drug seeking, which can be generated by a wide-array of external stimuli and often involves use of multiple drugs. The nature of N-acetylcysteine-induced increases in system x c Ϫ activity may be more complex than simply increasing extracellular levels of cystine, a necessary substrate. N-Acetylcysteine does not seem to be transported into the cell by system x c Ϫ (Kupchik et al., 2012) . Instead, the internalization of either N-acetylcysteine or its metabolic product cysteine is achieved by cysteine transporters (Kupchik et al., 2012) . Once cysteine is elevated inside the cell, system x c Ϫ activity is augmented. This could occur either by intracellular cysteine, supporting the cystine/cysteine cycle described in section IV, or through a mechanism dependent on intracellular signaling. In either scenario, the actions of N-acetylcysteine at the cellular or behavioral level require increased system x c Ϫ activity Kau et al., 2008; Kupchik et al., 2012) .
The assessment of the therapeutic potential of any medication for addictive disorders will need to include endpoints in addition to altered drug craving. For instance, studies using N-acetylcysteine have shown a reduction in drug seeking without a change in the reinforcing properties of the drug (Madayag et al., 2007; Murray et al., 2012) . Consistent with these findings, N-acetylcysteine does not alter cocaine-induced rush or euphoria when administered to drug-dependent humans (Amen et al., 2011) . These data pose an intriguing question regarding the use of N-acetylcysteine as a treatment for addiction: is the value of such treatment significantly diminished if the short-term, euphoric properties of the previously abused drug persist in a manner that could maintain recreational drug use, provided there is a reduction in compulsive, uncontrollable drug use? Another important point regarding the potential therapeutic utility of cysteine prodrugs or other approaches that exert antioxidant properties and support glutathione synthesis is the benefit of diminished toxicity associated with certain drugs of abuse. This includes neurotoxicity produced by methamphetamine (Fukami et al., 2004) , hepatotoxicity produced by long-term alcohol administration (Pivetta et al., 2006) , and tumor formation after chronic smoking (Balansky et al., 2011) . As a result, the impact of this approach on quality of life measures may be an important benefit of the approach that is difficult to capture in most clinical studies.
The effectiveness of repeated N-acetylcysteine administration in reducing drug seeking may be due to the reversal of at least a subset of drug-induced alterations in plasticity that contributes to drug seeking. This possibility was posed by studies demonstrating that repeated N-acetylcysteine administration resulted in enduring suppression of drug seeking even when testing was conducted at a time in which the drug would have been cleared from the body (Madayag et al., 2007; Kau et al., 2008; Zhou and Kalivas, 2008) . Direct support for this compelling hypothesis has been generated by recent studies conducted by Moussawi et al. (2009 Moussawi et al. ( , 2011 . For instance, N-acetylcysteine reversed a deficit in the capacity of cocaine-withdrawn rats to exhibit long-term potentiation or long-term depression in the nucleus accumbens core after stimulation of the prefrontal cortex.
The therapeutic potential of N-acetylcysteine in treating addictive disorders established by the above preclinical studies have been largely confirmed by clinical studies. Specifically, N-acetylcysteine has been shown to reduce craving and or use of a variety of controlled substances including cocaine and tobacco Mardikian et al., 2007; Knackstedt et al., 2009; Amen et al., 2011) . In addition, N-acetylcysteine has been shown to reduce pathological gambling and lessen other types of compulsive behaviors, such as trichotillomania (Grant et al., 2007 (Grant et al., , 2009 Knackstedt et al., 2009) .
It may seem paradoxical that targeting cystine-glutamate exchange, which increases nonvesicular glutamate, is effective in reducing drug seeking in rodents or drug-craving and use in humans because these behaviors require increased glutamate signaling (Cornish and Kalivas, 2000; Baker et al., 2003; Di Ciano and Everitt, 2003; McFarland et al., 2003; LaRowe et al., 2006) . As discussed above, however, this may reflect the existence of multiple, functionally distinct pools of glutamate. Cocaine increases glutamate in the synaptic cleft after corticostriatal activation, thereby generating behaviors dependent upon postsynaptic receptor stimulation (Cornish and Kalivas, 2000; McFarland et al., 2003; Di Ciano and Everitt, 2004; Suto et al., 2004) . Conversely, N-acetylcysteine promotes glutamate release into the extrasynaptic compartment, resulting in the stimulation of group II mGluRs (Baker et al., 2002 (Baker et al., , 2003 Moran et al., 2005) . By stimulating extrasynaptic group II mGluRs without exerting postsynaptic effects, extrasynaptic glutamate seems to inhibit synaptic release (Baker et al., 2002; Moran et al., 2005) . To the extent that NR2B receptors are located outside the synapse, this hypothesis is supported by the recent observation that glutamate release from astrocytes seems to stimulate extrasynaptic but not synaptic NMDA receptors (D'Ascenzo et al., 2007) .
Disruptions in glutamate homeostasis after repeated cocaine administration are not restricted to reduced system x c Ϫ activity but also include reduced activity of excitatory amino acid transporters (Knackstedt and Kalivas, 2007; Knackstedt et al., 2010) . Given the role of EAATs to compartmentalize glutamate into functionally distinct pools (e.g., synaptic, extrasynaptic), it is possible that receptors located in the synapse or in the extrasynaptic compartment are being stimulated by glutamate diffusing across microdomains. Thus, as depicted in Fig.  4 , the nature of glutamate dysfunction in addiction may SYSTEM X C Ϫ AND DISEASE arise from a loss of signal fidelity instead of, or in addition to, abnormal levels of receptor activation. 2. Schizophrenia. Abnormal excitatory signaling in the prefrontal cortex has been proposed to contribute to schizophrenia (Weinberger, 1987; Bunney and Bunney, 2000; Chavez-Noriega et al., 2002) . Synchronized pyramidal cell activity in the prefrontal cortex is required for normal cognitive processing, and the level of synchronized oscillatory activity can be measured using electroencephalograms (Howard et al., 2003; Haenschel et al., 2009; Uhlhaas and Singer, 2010; Lewis et al., 2012) . Measuring distinct frequencies, including slow (, ␤) and fast (␥) frequency bands, during rest or while performing cognitive tasks can be used to study aspects of network synchrony (Singer, 1999; Buzsá ki and Draguhn, 2004; Fries, 2009; Gonzalez-Burgos et al., 2009) . It is noteworthy that schizophrenia is associated with reduced synchrony of pyramidal cells in the prefrontal cortex as reflected by abnormalities in low-(/␤) and high-frequency (␥) bands in a manner that has been linked to symptoms of the disease (Uhlhaas and Singer, 2010; Lisman, 2011) . As a result, it is critical to understand the cellular mechanisms that regulate synchronized cellular activity within the cortex.
In addition to frequently studied mechanisms implicated in regulating cortical synchrony, such as GABAergic interneurons (Lewis et al., 2005; Lewis and Moghaddam, 2006) , astrocytes are well positioned to regulate cortical activity at the network level (see Fig. 5 ). Specifically, astrocytes have been estimated to regulate up to 2 million synapses in the human cortex (Oberheim et al., 2006) . Although astrocytes are capable of influencing synaptic activity through the release of a variety of molecules, glutamate seems to be particularly important. In support, neuronal synchrony in the hippocampus or cortex has been linked to glutamate release by astrocytes (Angulo et al., 2004; Poskanzer and Yuste, 2011) , with the most recent study demonstrating network-wide synchrony after the stimulation of a single astrocyte. These studies clearly indicate a need to more closely examine the role of astrocytes, cells capable of regulating neuronal signaling, possibly through the regulation of glutamate homeostasis, in schizophrenia.
Aside from the direct study of astrocytes, glutamate dysfunction in schizophrenia has attracted intense interest; however, the precise role of this amino acid is equivocal because evidence indicates that either an increase or a decrease in glutamate signaling may occur. A hypoglutamatergic state is supported by functional imaging studies revealing diminished activation of the frontal cortex in schizophrenics (Barch et al., 2001; MacDonald et al., 2005) . Furthermore, noncompetitive NMDA receptor antagonists, including phencyclidine, exacerbate symptoms in schizophrenic patients and produce a broad range of schizophrenia-like symptoms in humans and rats (Luby et al., 1959; Pearlson, 1981; Javitt and Zukin, 1991; Krystal et al., 1994; Malhotra et al., 1997) ; thus, hypoglutamatergic function through NMDA receptors is sufficient to produce a schizophrenia-like state. In contrast, a hyperglutamatergic hypothesis stems from evidence that 1) noncompetitive NMDA receptor antagonists increase extracellular glutamate levels in the prefrontal cortex, which generates an increase in the firing rate of cortical neurons (Moghaddam and Adams, 1998a; Lorrain et al., 2003; Jackson et al., 2004) , and 2) these changes are necessary for the psychotomimetic effects of phencyclidine (Moghaddam and Adams, 1998a; Homayoun et al., 2005) . The uncertainty regarding the nature of glutamate dysfunction in schizophrenia may arise, in part, from the existence of multiple, distinct pools of glutamate as discussed above.
A reduction in system x c Ϫ activity could account for the seemingly discrepant hypo-and hyperglutamatergic hypotheses of schizophrenia. Specifically, reduced system x c Ϫ activity could result in an apparent hypofunction, because glutamate released by cystine-glutamate exchange is cleared by GLT-1 transporters (Baker et al., 2002) , the activity of which contributes to measures of brain activity using functional imaging techniques (Bonvento et al., 2002; Aubert et al., 2007) . Thus, reduced system x c Ϫ activity could result in diminished glutamate clearance through sodium-dependent glutamate transporters, giving the appearance of reduced activity levels when using functional imaging techniques. In addition, reduced system x c Ϫ activity may lead to NMDA receptor hypofunction through at least two mechanisms. First, glutamate release from system x c Ϫ may result in activation of NMDA receptors. NR2B-containing NMDA receptors have been shown to be activated by glutamate released from astrocytes (D'Ascenzo et al., 2007) . Furthermore, the cysteine prodrug N-acetylcysteine seems to increase NMDA receptor activation because it I P FIG. 5. This schematic depicts aspects of cellular organization in the cortex that may be relevant for synchronization of network activity. GABAergic interneurons (I) are thought to contribute to network synchrony, in part because they synapse onto multiple pyramidal cells (P). The cellular architecture also supports a role for astrocytes in network synchronization. As described in section V.A.2, a single astrocyte in the human cortex has a domain that contains an estimated 2 million synapses and is capable of altering the membrane potential of large populations of neurons. 792 restores deficient mismatch negativity, which is an auditory evoked-potential component related to NMDA receptor function (Lavoie et al., 2008) . In addition to direct activation of the receptor by glutamate, NMDA receptor hypoactivity could stem from reduced extracellular glutathione levels, which would result in diminished activation of the extracellular redox site of the NMDA receptor (Köhr et al., 1994) or lower levels of the coagonist glycine that is released after the metabolism of extracellular glutathione by the membrane-bound enzyme ␥-glutamyl transpeptidase (Abbott and Meister, 1986) . The importance of glutathione is evident from the observation that glutathione depletion is sufficient to produce NMDA receptor hypofunction (Steullet et al., 2006) as well as several behavioral abnormalities used to model schizophrenia (Cabungcal et al., 2006) . Thus, reduced system x c Ϫ may give rise to an apparent hypoglutamatergic state largely involving either decreased glutamate release into the extrasynaptic compartment or diminished glutathione levels after reduced cystine transport.
In contrast to the extrasynaptic compartment, reduced system x c Ϫ activity leads to a hyperglutamatergic state within the synapse. This occurs as a result of decreased activation of group II mGluRs (Baker et al., 2002; Moran et al., 2005) , which have been shown to inhibit synaptic release of glutamate and dopamine (Hu et al., 1999a; Cartmell and Schoepp, 2000; Baker et al., 2002; Chaki et al., 2006) and supports the heightened glutamate and dopamine release implicated in schizophrenia. Collectively, these studies indicate that reduced system x c Ϫ may lead to an apparent hypo-and hyperglutamatergic state in the extrasynaptic and synaptic compartments, respectively. This scenario illustrates the need to better understand the complex nature of glutamate signaling as opposing homeostatic changes in glutamate levels in separate extracellular compartments as potential mechanisms underlying pathological states.
Extant data indicate that system x c Ϫ activity may be altered in patients with schizophrenia. An increase in the expression of group II mGluR has been linked to schizophrenia (Gupta et al., 2005) , and this could arise in response to chronic understimulation of the receptor. Likewise, a modest increase in the levels of xCT, the catalytic subunit for system x c Ϫ , has been observed in post mortem tissue obtained from patients with schizophrenia . Similar to mGluRII, this may reflect a decrease in net function. This conclusion is supported by the observation that those with schizophrenia exhibit reduced glutathione levels in the prefrontal cortex (Do et al., 2000) , which may reflect blunted system x c Ϫ activity as a result of the link between glutathione levels and cystine transport as discussed above (Bannai, 1984; Meister, 1991; Sies, 1999) . Alternatively, reduced glutathione could result in blunted system x c Ϫ activity, because extracellular glutathione metabolism serves as a reservoir for extracellular cystine, which is critical in maintaining cystineglutamate exchange (Deneke and Fanburg, 1989; Sato et al., 1999; Sies, 1999; Kim et al., 2001; Shih et al., 2006) .
The neurodevelopmental aspects of schizophrenia may involve reduced activity of system x c Ϫ or related mechanisms. Nonvesicular glutamate has been shown to be a key regulator of postsynaptic development in Drosophila melanogaster by regulating the expression of postsynaptic glutamate receptors during synaptogenesis. Specifically, decreased nonvesicular glutamate release resulted in increased expression of postsynaptic glutamate receptors (Featherstone et al., 2002) , an effect more recently linked to cystine-glutamate exchange (Augustin et al., 2007) . It is noteworthy that postsynaptic glutamate receptor expression influences synapse morphology and presynaptic neurotransmitter release in D. melanogaster (Petersen et al., 1997; Sigrist et al., 2000) . Nonvesicular glutamate release has also been shown to regulate cortical neuron migration during neurodevelopment (Manent et al., 2005) . Glutamate has been previously shown to regulate neuroblast migration and to act as either an acceleratory or stop signal. Synaptic glutamate is unlikely to contribute to this effect because normal cortical development occurs in munc13-1/2 double knock-out mice that are incapable of vesicular release of neurotransmitters (Verhage et al., 2000) . Rather, nonvesicular release seems to be the source of glutamate involved in neuronal development (Manent et al., 2005) . Collectively, these data indicate that a disruption of nonvesicular release could disrupt cortical migration during development, affect synapse formation, and lead to altered neurotransmitter release, all of which seem to occur in schizophrenia.
Preclinical and clinical studies have established the therapeutic potential of N-acetylcysteine in treating schizophrenia and related disorders. Short-term or nonprolonged administration of N-acetylcysteine has been shown to attenuate the psychotomimetic effects of phencyclidine Chen et al., 2010) . In patients, repeated N-acetylcysteine has been shown to significantly improve symptoms of schizophrenia and bipolar disorder, as well as potentially reduce side effects produced by current antipsychotic medications (Berk et al., 2008a,b; Bulut et al., 2009) . Thus, although the degree to which astrocytes, and more specifically system x c Ϫ , contribute to the pathology of schizophrenia is unknown, accumulating data indicate that cystineglutamate exchange represents a novel, effective target in the treatment of this disease.
Similar to addiction, disruptions in glutamate homeostasis linked to schizophrenia are not restricted to changes in system x c Ϫ but also appear to involve changes in the activity of excitatory amino acid transporters (Bauer et al., 2008; Rao et al., 2012) . Given the role of EAATs to compartmentalize glutamate into functionally distinct pools (e.g., synaptic, extrasynaptic), it is SYSTEM X C Ϫ AND DISEASE possible that receptors located in the synapse or in the extrasynaptic compartment are being stimulated by glutamate diffusing across microdomains. Thus, the nature of glutamate dysfunction in schizophrenia may arise from a loss of signal fidelity instead of, or in addition to, abnormal levels of receptor activation.
B. Neurodegenerative Disorders
Extracellular glutamate is highly regulated, in part, because of the excitotoxic effects of this amino acid. However, clearly establishing a role of system x c Ϫ in neuronal death is difficult, in part because system x c Ϫ is one of several mechanisms that serve as a point of interface between cellular antioxidant capacity and excitotoxicity. With the exception of gliomas (see section V.B.1), a neuroprotective effect is often attributed to the uptake of cystine and the subsequent increase in cellular antioxidant capacity linked to glutathione synthesis (see Fig. 3 ). In contrast, excitotoxicity, at least under certain circumstances, may arise as a result of system x c Ϫ glutamate release. In culture, glutamate release by system x c Ϫ has been shown to cause neuronal death-especially in the absence of sodium-dependent glutamate clearance and in experiments using high levels of cystine. This seems to be primarily a function of system x c Ϫ expressed by microglia, which have been shown to kill cerebellar granule cells (Piani and Fontana, 1994) and enhance amyloid-␤ induced neuronal death in cortical cultures (Qin et al., 2006) . Glutamate release by activated microglia also causes oligodendrocyte death in culture and in the rat optic nerve, an effect at least partially attributed to impaired activity of sodium-dependent glutamate transporters (Domercq et al., 2007) . In addition to microglia, system x c Ϫ on astrocytes also has the potential to contribute to neuronal death. Activation of astrocytes with IL-1␤ leads to increased expression of xCT and increased system x c Ϫ mediated glutamate release, which potentiates hypoxia-induced excitotoxicity of cortical neurons (Fogal et al., 2007; Jackman et al., 2010) . Activation of NMDA receptors seems to be the main mediator of this system x c Ϫ -induced excitotoxicity (Qin et al., 2006; Fogal et al., 2007) . Although system x c Ϫ has been shown to be capable of releasing enough glutamate to stimulate non-NMDA type glutamate receptors on Purkinje cells, this required a concentration of cystine that is far greater than what is observed in vivo (Warr et al., 1999) .
The first evidence that system x c Ϫ could play a role in neuronal death was as a result not of excitotoxicity but instead of glutamate-induced oxidative stress . Specifically, glutamate release, especially in the absence of glutamate uptake by EAATs, outcompeted cystine for transport into the cell. The subsequent toxicity occurred before glutamate receptors developed (Murphy and Baraban, 1990) , an action subsequently shown to be due to depletion of glutathione and the accompanying oxidative stress (Ratan et al., 1994) .
Thus, in contrast to the enhancement of neurotoxicity caused by releasing glutamate, increased activity of system x c Ϫ activity can exert protective effects by generating and releasing glutathione. The protective effects occur across cell types such that overexpression of xCT in astrocytes has been shown to enhance glutathione release and protect neurons from oxidative stress (Shih et al., 2006) . Not only does system x c Ϫ act to prevent oxidative stress but such stress also seems to be one of the main triggers for its up-regulation. Oxidative stress induced by exposure of Mü ller glial cells to xanthine/xanthine oxidase causes up-regulation of system x c Ϫ activity and xCT expression (Mysona et al., 2009) as does the depletion of glutathione in differentiated astrocytes (Seib et al., 2011) . Likewise, oxidative stress and nitric oxide up-regulate system x c Ϫ activity and xCT expression in a retinal ganglion cell line (RGC-5; Dun et al., 2006) . Thus, up-regulation of system x c Ϫ can be a protective mechanism against oxidative stress, and under certain circumstances, it can contribute to excitotoxicity as described below.
1. Gliomas. Proliferation of gliomas, which are gliaderived tumors, is facilitated by their ability to generate toxic levels of glutamate, enabling the tumors to overcome physical growth restrictions through the destruction of neighboring tissue (for review, see de Groot and Sontheimer, 2011) . Gliomas achieve excitotoxic levels of glutamate through high levels of system x c Ϫ activity coupled with the relative absence of sodium-dependent transport Kim et al., 2001; Takano et al., 2001; Rothstein, 2002; Chung et al., 2005) . In addition, high system x c Ϫ activity displayed by gliomas also confers resistance to antineoplastic drugs or radiation therapy by maintaining high levels of glutathione . It is noteworthy that in addition to triggering excitotoxic pathology in the regions surrounding the tumor, the glutamate released by system x c Ϫ also seems to have an autocrine effect on the tumor cells that enhances migration and invasion (Lyons et al., 2007) . Given the multiple actions of system x c Ϫ in gliomas, the potential use of inhibitors of system x c Ϫ as a treatment of brain tumors, both as a method of inhibiting their growth and as a method to reduce their associated seizure activity, is under active investigation (Chung and Sontheimer, 2009; Buckingham et al., 2011; de Groot and Sontheimer, 2011) . In addition, restoring sodium-dependent transporter activity is sufficient to block the neurotoxic effects of gliomas, thereby clearly demonstrating the link between the excitotoxic effects of system x c Ϫ and diminished EAAT activity. 2. Amyotrophic Lateral Sclerosis. Studies examining the role of system x c Ϫ in the pathology of amyotrophic lateral sclerosis (ALS) are lacking, but these efforts should be aided by the recent development of a doubleknockout mouse of SOD1(Ϫ/Ϫ) and xCT(Ϫ/Ϫ). To date, however, these mice have been used only to examine changes in the function of red blood cells (Iuchi et al., 794 BRIDGES ET AL. 2008). Furthermore, the function of system x c Ϫ in other ALS models has not been has examined. However, ALS is clearly linked to changes in glutamate signaling (for review, see Rattray and Bendotti, 2006) , is associated with altered levels and/or activity of glutathione (Cova et al., 2010; D'Alessandro et al., 2011) , and has an astrocytic component (Boillée et al., 2006) , all of which would be consistent with a change in system x c Ϫ activity. Although the degree to which system x c Ϫ is involved in the pathology of the disease is unknown, it appears to be a novel therapeutic target for ALS. First, increased expression of Nrf2, a transcription factor that regulates the expression of xCT, produces a protective effect in mouse models of ALS (Vargas et al., 2008) . Second, ceftriaxone prolongs survival in ALS models, and this may be due to increases in the expression of either GLT-1 or xCT (Rothstein et al., 2005; . N-Acetylcysteine administration reduces oxidative stress and mitochondrial dysfunction in human neuroblastoma cells (SH-SY5Y) expressing the G93A-SOD1 mutation (Beretta et al., 2003) . N-Acetylcysteine also delayed the onset of motor impairments and prolonged survival in G93A-SOD1 mice (Andreassen et al., 2000 , although see Jaarsma et al., 1998) . In a randomized, double-blind, controlled trial, N-acetylcysteine produced only a modest, nonsignificant increase in survival, with no evidence of reduction in disease progression; however, the dose used was considerably lower than what has been used in clinical trials that have obtained a positive effect for other CNS disorders (i.e., 50 mg/day versus Ͼ1 g/day) (Louwerse et al., 1995; Grant et al., 2007; Berk et al., 2008a,b; Grant et al., 2009 ). Alternatively, the effect of N-acetylcysteine may depend on the type of ALS expressed. N-Acetylcysteine increased survival in a subgroups of patients with disease of the limbs onset, whereas it may have decreased survival in those with bulbar onset (Louwerse et al., 1995) . This adds to existing data suggesting a different contribution of excitotoxicity in these types of ALS. For instance, riluzole, which reduces glutamate signaling, is more likely to promote survival in patients with ALS who have bulbar symptoms (Bensimon et al., 1994; Zoccolella et al., 2007) ; thus, N-acetylcysteine-induced glutamate release may be detrimental in this patient population.
3. Alzheimer's Disease. Similar to ALS, studies examining the change in system x c Ϫ in Alzheimer's disease have not been conducted, although there is indirect evidence to suggest that system x c Ϫ may be up-regulated. Specifically, increased phosphorylation of ␣ subunit of eukaryotic initiation factor 2 and activating transcriptional factor 4 expression, which increase xCT expression, have been detected in the brains of patients with Alzheimer's disease ). Increased xCT expression in reactive microglia have been found in transgenic mice expressing mutant human amyloid precursor protein or those injected with amyloid-␤ (Qin et al., 2006) .
The above studies suggest that system x c Ϫ activity may be altered in Alzheimer's disease; however, the impact of this change is unclear. In a study on probable Alzheimer's disease patients, treatment with N-acetylcysteine to drive system x c Ϫ caused a beneficial trend in all measures tested and significant improvement in certain cognitive tasks (Adair et al., 2001) . The release of glutamate from system x c Ϫ , especially the degree to which this causes activation of extrasynaptic NMDA receptors, may contribute to amyloid-␤ production and toxicity (Qin et al., 2006; Bordji et al., 2010) . In contrast, cystine uptake by system x c Ϫ seems to exert powerful beneficial effects by lowering amyloid-␤-induced oxidative stress (Olivieri et al., 2001) , reversing abnormal protein expression associated with a mouse model of Alzheimer's (Robinson et al., 2011) , preventing apoptosis triggered by oxidative stress or a toxin implicated in Alzheimer's (Onyango et al., 2005a; Tanel and AverillBates, 2007) , and normalizing the activity of sodiumdependent glutamate transporters (Begni et al., 2004) . The last of these indicates the complexity of isolating the dual actions of system x c Ϫ and the need for additional work.
4. Parkinson's Disease. The pathogenesis of Parkinson's involves nigrostriatal toxicity that may be linked to mitochondrial dysfunction or oxidative stress (for review, see Yao and Wood, 2009; Surendran and Rajasankar, 2010) . It is noteworthy that mitochondrial dysfunction, oxidative stress, and ultimate nigrostriatal toxicity may be due, in part, to diminished glutathione levels (Penugonda et al., 2005) . Not surprisingly, the depletion in glutathione is linked to an increase in xCT protein, at least in rats receiving unilateral 6-hydroxydopamine lesions (Massie et al., 2008) . In general, a neuroprotective role has been clearly established for glutathione and N-acetylcysteine. Under numerous experimental conditions, N-acetylcysteine has been shown to counter agerelated mitochondrial damage (Banaclocha, 2001) ; prevent apoptosis (Molina-Jimenez et al., 2003) perhaps by decreasing p38 and c-Jun N-terminal kinase (Onyango et al., 2005b) ; and scavenge H 2 O 2 and reactive quinones (Bagh et al., 2008) . Collectively, these studies support the therapeutic potential of increasing system x c Ϫ activity in treating Parkinson's in a manner that may target the underlying pathological condition.
Preclinical studies support the therapeutic potential of N-acetylcysteine in the treatment of Parkinson's disease. In support, N-acetylcysteine produces beneficial effects in mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (Park et al., 2004; Aoyama et al., 2008) , or in ␣-synuclein overexpressing and EAA carrier 1-null mice (Clark et al., 2010; Berman et al., 2011) . In contrast to these studies, a recent report suggests that xCT deletion affords protection from 6-hydroxydopamine toxicity (Massie et al., 2011) . The protective effect of lower levels of xCT was attributed to the decrease in extracellular glutamate found in the striatum of these SYSTEM X C Ϫ AND DISEASE mice-especially because these mice did not exhibit reduced levels of glutathione or increased markers of oxidative stress. As discussed above, a complex relationship exists between system x c Ϫ activity and cellular glutathione levels, such that impairing system x c Ϫ activity will not necessarily result in long-term reductions in glutathione, yet increased activity seems to successfully address deficits in this key antioxidant. Additional work is needed to understand the observed effect, especially in light of the positive data obtained in other models as well as the potential for system x c Ϫ to serve as an entry point for toxic substances as described in the next section.
The therapeutic efficacy of N-acetylcysteine in the treatment of Parkinson's disease has not been examined, although a clinical trial is currently ongoing. However, zonisamide has recently been shown to reduce disease severity in a clinical trial (Murata et al., 2001 (Murata et al., , 2007 , and the mechanism of action underlying this therapeutic effect may involve increased system x c Ϫ activity. In support, repeated zonisamide administration to hemiparkinsonian mice resulted in increased glutathione synthesis as a result of zonisamideinduced up-regulation of system x c Ϫ (Asanuma et al., 2010) .
C. Neurotoxins
It is noteworthy that system x c Ϫ may serve as an entry point for damaging substances including viruses and neurotoxins Kaleeba and Berger, 2006; Liu et al., 2009) . In terms of the latter, evidence suggests that it may mediate the actions of putative environmental neurotoxins including ␤-N-methyl-L-alanine (BMAA) and ␤-N-oxalyl-L-␣,␤-diaminopropionic acid. BMAA is a nonprotein amino acid that is produced by cyanobacteria and has been implicated in neurodegenerative diseases ) such as Alzheimer's disease and ALS; high levels of BMAA have been found in the brains of patients with Alzheimer's disease and ALS (Pablo et al., 2009) . BMAA can act as a direct excitotoxin by acting on glutamate receptors (Weiss and Choi, 1988) , but it can also act on system x c Ϫ . BMAA inhibits system x c Ϫ -mediated cystine uptake, thereby leading to decreased cellular glutathione levels and oxidative stress. In addition, BMAA seems to be transported by system x c Ϫ and thereby increases glutamate release in a manner sufficient to produce excitotoxicity (Liu et al., 2009) . Therefore, BMAA creates the worst possible array of effects on system x c Ϫ : it prevents the beneficial effect of cystine uptake and causes the harmful effect of enhancing glutamate release.
The amino acid ␤-N-oxalyl-L-␣,␤-diaminopropionic acid is produced by seeds from plants of the genus Lathyrus and has been implicated in the death of motor neurons that occurs in neurolathyrism. It has also been shown to compete with cystine at system x c Ϫ and, as an alternate substrate, to cause increased glutamate release . The possibility that these environmental factors play a role in the development or progression of neurodegenerative diseases through actions on system x c Ϫ requires further study.
VI. Summary
Billions of dollars have been spent to fund over a million studies devoted to understanding the neuron, a cell held in such prominence that it provides the field its name. In comparison, there have been fewer than 40,000 publications examining the role of astrocytes, a cell type as numerous as neurons in the human brain. Unfortunately, our knowledge of the neuron has yet to result in the development of effective, well tolerated treatment for most, if not all, pathological conditions of the brain. The limitations in our understanding of the brain are reflected by the large gaps in our understanding of glutamate, the primary excitatory neurotransmitter in the brain (Greenamyre et al., 1988; Coyle and Puttfarcken, 1993; Moghaddam and Adams, 1998b; Tapia et al., 1999; Marino et al., 2001; Franks et al., 2002) . It is clear that the network regulating glutamate signaling is vastly more complex than for most other neurotransmitters and involves highly regulated interactions between neurons and astrocytes as well as possibly other cells in the brain. System x c Ϫ represents an example of this unique, complex network. By releasing glutamate, this mechanism contributes to glutamate receptor activation. In so doing, system x c Ϫ and related release mechanisms support the view that there may be multiple, highly specialized signaling compartments between neurons and astrocytes that are distinct from the synapse. As the primary route for cystine uptake, system x c Ϫ also supports glutathione synthesis, especially in glia, and thereby supports cellular antioxidant defenses. This poses an intriguing but perhaps perplexing interaction between oxidative stress and excitatory signaling, a further indication of the potentially unappreciated level of complexity related to glutamate activity. Although much remains to be learned regarding the contribution of system x c Ϫ to a variety of CNS diseases, the dual role of this mechanism positions it as a potential therapeutic target in diseases linked to either oxidative stress or pathological excitatory signaling. To date, encouraging preclinical or clinical data have been obtained in a wide array of CNS diseases, ranging from Alzheimer's disease and addiction to Parkinson's disease and schizophrenia. Continued efforts toward understanding the contribution of system x c Ϫ and related mechanisms have the potential to reshape how we view even basic tenets of neuroscience and to identify novel therapeutic targets.
